Necrotic enteritis (NE) causes significant economic losses in the broiler chicken industry, especially in birds raised without in-feed antibiotics. A standardized blend of plant-derived isoquinoline alkaloids (IQA) derived from Macleaya cordata has shown to have anti-inflammatory potency and promoted animal productivity. This study investigated the effects of IQA supplementation on broiler chickens under NE challenge. A 2 × 2 factorial arrangement of treatments was employed with factors: NE challenge (no or yes), and additives (no additive or IQA at 0.15 g/kg) in starter, grower, and finisher diets. Birds were challenged with Eimeria spp. on d 9 and 10 8 to 10 9 Clostridium perfringens on d 14. Each treatment had 7 replicate floor pens with 17 birds each. NE challenge negatively affected growth performance, livability, and carcass traits. Regardless of challenge, IQA increased feed intake and gain on d 24 (P < 0.05) and 35 (P < 0.01) and improved FCR (P < 0.05), flock uniformity (P < 0.01) and breast meat yield (P < 0.001) on d 35. Supplementation of IQA also reduced lesions in the duodenum (P < 0.05), jejunum (P < 0.001), and ileum (P < 0.001). This study suggests that IQA may protect broilers from NE indicating its role as a promising antibiotic alternative.
INTRODUCTION
Poultry necrotic enteritis (NE) is caused by Clostridium perfringens (Cp) . The ban of in-feed antibiotics in the European Union has led to elevated incidence of NE (Shojadoost et al., 2012) . Thus, currently, there is a heightened interest in finding antibiotic alternatives to control NE. Inflammation is a vital consequence of NE that has not been investigated extensively. Proinflammatory cytokines and chemokines increase dramatically in chickens during NE infection (Lee et al., 2011) . As inflammation is an energy-consuming process, it has been estimated that vertebrates increase their resting metabolic rate by 8 to 27% during immunologic challenge (Martin et al., 2003) . Inflammation reduces feed consumption, impairs intestinal morphology, compromises nutrient absorption, and alters anabolic processes in skeletal muscle in order to divert nutrients toward immune function (Klasing et al., 1987; Klasing, 2005; Willing and Van Kessel, 2007) . This at least partially explains the impaired perfor-C 2017 Poultry Science Association Inc. Received March 9, 2017. Accepted June 19, 2017. 1 Corresponding author: rswick@une.edu.au mance observed in broilers subjected to NE infection. However, the effect of inflammation on performance reduction during NE infection may have been underestimated.
Isoquinoline alkaloids (IQA) derived from Papaveraceae plants consist of a mixture of quarternary benzo phenanthridine and protopine alkaloids. The active ingredient of IQA, sanguinarine, was found to be anti-inflammatory (Niu et al., 2012) and inhibits the activation of NF-κB, the key regulator of inflammatory response (Chaturvedi et al., 1997; Wullaert et al., 2011) . Niewold and Backer (2010) reported that sanguinarine inhibited lipopolysaccharide induced nitric oxide response of macrophages in vitro. Macrophages are involve in the up-regulation of proinflammatory cytokines observed in chickens during Eimeria infection, an important factor that predisposes chickens to NE (Lillehoj and Li, 2004; Hong et al., 2006) .
The hypothesis of the current study was that IQA might provide protection to broiler chickens against NE. Thus, an experiment was conducted to examine whether IQA supplementation improves growth performance and reduces the prevalence of intestinal NE lesions in broilers subjected to NE challenge. 3581
MATERIALS AND METHODS

Experimental Design and Bird Husbandry
All experimental procedures involved in this study were approved by the Animal Ethics Committee of University of New England (Australia, AEC 15-064). Day-old Ross 308 male chicks (N = 476) were obtained from a local hatchery (Baiada Country Road Hatchery, Tamworth, NSW, Australia) and vaccinated against infectious bronchitis, Marek's disease, and Newcastle disease. Birds were reared in an environmentally controlled floor pen facility with fresh softwood shavings used as litter (The Rob Cumming Poultry Innovation Centre at Kirby, University of New England, Australia). The facility was disinfected prior to bird arrival. Birds were weighed and placed to ensure uniform starting pen weights. The temperature and lighting program followed Ross 308 recommendations (Aviagen, 2014) . The study used a 2 × 2 factorial arrangement of treatments with 7 replicate pens per treatment, each with 17 birds. Factors were: NE challenge (no or yes), and additives (none: no additive, IQA: 0.15 g/kg blend of plant-derived isoquinoline alkaloids (Sangrovit R Extra, Germany) on top of basal diets of starter, grower and finisher). Diets were based on wheat (20, 20, 20%) , sorghum (25.2, 25.0, 29.3%) barley (16, 16, 20%) , soybean meal (29.3, 24.9, 20 .3%), meat and bone meal (6.2, 5.4, 4.8) in starter, grower and finisher respectively (Table S1 ). Diets were formulated to meet Ross 308 nutrient recommendations for standard ileal digestible amino acids and other nutrients. Birds had ad libitum access to water and feed for the entire experiment period. On d 35, birds were weighed individually to calculate the coefficient of variation (CV) as a measure of flock uniformity. Cumulative pen feed intake and pen live weight were recorded on d 0, 24 and 35 and used to calculate mean bird feed intake (FI), weight gain (BWG), and feed conversion ratio (FCR, corrected for mortality). Mortality was recorded as it occurred.
NE Challenge
On d 9, each bird in the challenge group was inoculated with 1 mL per os of unattenuated field strains of Eimeria (Bioproperties Pty Ltd., Sydney, Australia) in phosphate-buffered saline (PBS) suspension containing 5,000 oocysts each of E. maxima and E. acervulina, and 2,500 oocysts of E. brunetti. Unchallenged controls received 1 mL of sterile PBS. On d 14, each bird in the challenge group was inoculated with 1 mL of Cp suspension (10 8 to 10 9 CFU/mL). A primary poultry isolate of Cp type A strain EHE-NE18 (CSIRO Livestock Industries, Geelong, Australia) was used and incubated as previously reported (M'Sadeq et al., 2015) . A physical partition between unchallenged and challenged groups was applied to prevent cross contamination.
Sampling, Lesion Scoring and Carcass Traits
Sampled birds throughout the experimental period were selected randomly and euthanized by cervical dislocation. On d 16, the entire length of the section of small intestine (duodenum, jejunum, and ileum) underwent a lesion scoring process, based on a previously reported lesion scoring system ranging from 0 to 4 (Prescott et al., 1978; Broussard et al., 1986) . On d 35, de-boned, skinless breast muscle, thigh with drumstick portions, and abdominal fat were excised and weighed from 3 birds from each replicate pen. Results of carcass traits were calculated from the average and expressed as a percentage of whole bird live weight.
Statistical Analysis
Statistical analysis was conducted using the IBM R SPSS R Statistics package version 22 (IBM Corporation, Armonk, NY, United States). The main effects of NE challenge, additives and interactions were examined by analysis of variance, using the General Linear Model.
Intestinal lesion scores and mortality data were analyzed by the nonparametric Kruskal-Wallis test, as the data were not normally distributed. Treatment means were separated using Tukey HSD multiple range test where appropriate. Statistical significance was declared at P < 0.05. Table 1 shows BWG, FI, FCR, and mortality results for the d 0 to d 24 period. Overall, it was shown that the NE challenge negatively affected performance. Challenged birds had reduced FI and BWG and increased mortality and FCR (P < 0.001) compared to unchallenged controls. Regardless of NE challenge, inclusion of IQA led to higher FI (P < 0.01) and BWG (P < 0.05). No challenge by additive interactions were detected (P > 0.05). For the d 0 to d 35 period, NE challenged birds had lower FI, BWG and higher FCR and mortality (P < 0.001) as compared to unchallenged controls ( Table 2) . Regardless of NE challenge, the IQA supplemented groups had higher FI (P < 0.01), BWG (P < 0.01) and lower FCR (P < 0.05) and birds were more uniform as detected by lower BWG CV % (P < 0.01) as compared to those fed diets with no additive. During the experimental period, no challenge by additive interactions were detected for any of the measured performance parameters (P > 0.05). Dietary treatment did not affect mortality (P > 0.05). As illustrated in Table 3 , NE challenge reduced (P < 0.001) the relative breast and thigh yields. Regardless of NE challenge, IQA supplementation increased breast meat yield compared to control diets (P < 0.001). Treatments had no significant effect on relative abdominal fat (P > 0.05) and no challenge by additive interactions in carcass traits were detected (P > 0.05). Intestinal lesion scores measured on d 16 are shown in Table 4 . Challenge by additive interactions were observed for lesions occurring in the duodenum (P < 0.05), jejunum (P < 0.001) and ileum (P < 0.001). Additives did not affect lesion scores in any intestinal section in unchallenged groups. Challenge with NE only elevated duodenal (P < 0.05) and ileal (P < 0.001) lesion scores in un-supplemented birds but not in IQA-fed birds (P > 0.05). In the jejunum, NE challenge resulted in higher lesion scores compared to unchallenged groups and lower lesion scores were found in IQA-fed birds (P < 0.001).
RESULTS AND DISCUSSION
Jeroch et al. (2009) reported IQA improved the performance of turkeys fed wheat-based diets, similar to the barley-wheat (up to 40%) based diet used in the current study. Vieira et al. (2008) also found that IQA supplementation increased body weight and feed efficiency in broiler chickens. The current study demonstrated for the first time, the positive role of IQA supplementation in controlling the impacts of NE in broiler chickens. Firstly, IQA controlled the development of intestinal NE lesion of broilers under NE challenge. Olkowski et al. (2006) found that early stages of NE showed strong inflammatory responses. The lamina propria was hyperemic and infiltrated with numerous inflammatory cells, mainly heterophilic granulocytes with most significant early changes seen at the interface of the basal domain of enterocytes and lamina propria. Activation of NF-κB was found to result in disorganization of tight 1 None = un-supplemented; IQA = 0.15 g/kg plant-derived isoquinoline alkaloids (Sangrovit R Extra) in starter, grower and finisher. junction protein at intestinal barrier in vitro (Ye et al., 2006) . This indicates that intestinal inflammation may initiate NE lesion development and IQA supplementation may suppress this inflammatory response, leading to a reduction in NE lesions as observed in the current study. Secondly, IQA may provide protection to the performance of NE challenged chicken by controlling inflammation and its physiologic consequences. Inflammation triggered by NE can lead to gluconeogenesis in order to retain circulating glucose level, particularly during the anorexia condition. In the present study, NE challenge lowered the cumulative FI by 17% at d 24. To compensate glucose production from the impaired FI, skeletal muscle would need to be catabolized into amino acids such as glutamine to provide the key substrate of gluconeogenesis resulting in a large loss of lean meat (Lacey and Wilmore, 1990; Wu et al., 1991) . This was reflected in the present study as demonstrated by decreased BWG, breast and thigh meat yields, and poorer FCR as a result of NE challenge, whereas these have been alleviated when IQA was included in the diet. In addition, it may further explain the greater flock uniformity of the IQA group who might be more tolerant to the stimulus with uniformed FI and metabolism among the flock. However, the mechanism of IQA in controlling NE in broiler chicken is pending on further investigation. In future work with IQA, measurement and direct monitoring of inflammatory status would be warranted.
SUPPLEMENTARY DATA
Supplementary data are available at PSCIEN online. Table S1 . Ingredient and nutrient composition of experimental basal diets.
